Abstract: Basanite lavas near Craven Lake, British Columbia, host a spinel lherzolite xenolith containing cross-cutting veins with pargasitic amphibole (plus minor apatite). The occurrence of vein amphibole in spinel lherzolite is singular for the Canadian Cordillera. The vein crosscuts foliated peridotite and is itself cut by the basanite host. The amphibole is pargasite, which is the most common amphibole composition in mantle peridotite. Rare earth element concentrations in the pargasite are similar to those for mafic alkaline rocks across the northern Cordilleran volcanic province (light rare earth elements ϳ50× chondrite and heavy rare earth elements ϳ5× chondrite). Two-pyroxene geothermometry suggests that the vein and host peridotite were thermally equilibrated prior to sampling by the basanite magma. Calculated temperature conditions for the sample, assuming equilibration along a model steady-state geotherm, are between 990 and 1050°C and correspond to a pressure of 0.15 GPa (ϳ52 ± 2 km depth). These conditions are consistent with the stability limits of mantle pargasite in the presence of a fluid having X H2O < ϳ0.1. The pargasite vein and associated apatite provide direct evidence for postaccretion fracture infiltration of CO 2 -F-H 2 O-bearing silicate fluids into the Cordilleran mantle lithosphere. Pargasite with low a H2O is in equilibrium with parts per million concentrations of H 2 O in mantle olivine, potentially lowering the mechanical strength of the lithospheric mantle underlying the Cordillera and making it more susceptible to processes such as lithospheric delamination. Remelting of Cordilleran mantle lithosphere containing amphibole veins may be involved in the formation of sporadic nephelinite found in the Canadian Cordillera.
Introduction
The lithospheric mantle underlying the northwestern Cordillera of North America was formed and modified by a series of complex processes including terrane accretion, subduction, and extension related to postsubduction relaxation and transtension along the Pacific North American plate margin (e.g., Gabrielse and Yorath 1989; Russell 1999, 2000; Monger and Price 2002; Francis et al. 2010; Hyndman 2010; Hyndman and Currie 2011; Polat et al. 2018) . The resulting lithosphere beneath the British Columbia Cordillera is structurally, compositionally, and mineralogically diverse.
Although geophysical studies have provided broad-scale constraints on the structure and geometry of Cordilleran lithospheric boundaries (e.g., Hyndman and Lewis 1999; Clowes et al. 1995 ; Colpron and Nelson (2011) .
Fig. 1. Geological terrane map of the Canadian Cordillera showing localities of Neogene and Quaternary volcanic centres hosting mantle xenoliths (numbered symbols). Craven Lake volcanic occurrence is indicated by a large symbol (8). Terrane abbreviations are as defined in
For example, amphibole veins in mantle peridotite xenoliths are relatively uncommon, e.g., spinel harzburgite host in andesite, Avacha volcano, Kamchatka (Ionov 2010; Bénard and Ionov 2013) , lherzolite host in basanite, Dish Hill, western United States (Wilshire et al. 1980) , lherzolite host in basanite, Spitsbergen, Norway (Ionov et al 1996) , and spinel dunite host in basanite, Kerguelen Islands (Moine et al. 2000) .
Here we document a new occurrence of an amphibole vein in peridotite collected from basanite tephra near Craven Lake, Brit- ish Columbia (Fig. 1) , which is the first of its kind found in the northern North American Cordillera. We present textural descriptions and new chemical data for the pargasite vein and its host spinel lherzolite xenolith. The pargasite vein (with minor apatite) cross-cuts a poorly developed fabric within the lherzolite. It is also the only reported peridotite xenolith from the northern Cordillera that contains vein-hosted apatite. Both of these phases are important for characterizing the mechanisms of metasomatism affecting the Cordilleran mantle lithosphere and for constraining the nature and origin of the chemical metasomatic agent and its origin (O'Reilly and Griffin 2000) . The presence of the vein and its mineral assemblage have significant implications for understanding the rheology of the Cordilleran mantle lithosphere as well as past and future production of mafic alkaline melts.
Geological setting
The Craven Lake volcanic centre is one of 14 mafic volcanic edifices identified within the Bell-Irving volcanic district of the northern Cordillera volcanic province (NCVP) (Edwards and Russell 2000; Edwards et al. 2006) . It is situated in the Stikine terrane of the Intermontane Belt within the Canadian Cordillera (Fig. 1) . The Bell-Irving volcanic district includes a number of small volcanic centres that erupted through the Bowser Lake Group sediments of the Bowser Basin (Edwards et al. 2006) .
The Craven Lake volcanic centre comprises a series of partially dissected pillow mounds situated along a ridgeline to the northwest of Craven Lake and associated mass flow deposits that extend downslope from the pillow-dominated mounds to the valley floor below (ϳ540 m elevation change) (Edwards et al. 2006) . The volcanic rocks and deposits are basanite on the basis of whole-rock chemical compositions (Table 1) . A sample collected from a neighboring volcanic centre within the Bell-Irving district has an Ar 40/39 age of 450 ka ± 150 k.y. (Edwards et al. 2006) . The similarity in volcanic lithofacies (i.e., pillow lava and palagonitized volcaniclastic deposits) and in degrees of erosion/dissection suggests that the Craven Lake volcanic centre is also Quaternary in age.
Xenoliths occur as lava-coated bombs in volcaniclastic units, within blocks of lava and in pillow lavas. The xenolith suite is relatively diverse, including a variety of peridotites, crustally derived rocks and large megacrysts of clinopyroxene and plagioclase ( Fig. 2) (Miller et al. 2010) . Approximately 60 xenoliths were collected and examined. A single sample of spinel lherzolite was found that contains a vein of amphibole (VT09/09CM10) (Fig. 3) .
Xenolith textures
The peridotite xenolith containing the amphibole vein is a spinel lherzolite and has a primary mineralogy of olivine, orthopyroxene, clinopyroxene, and spinel. The spinel lherzolite has a protoclastic texture (Fig. 3) comprising extremely irregular grain shapes and an average grain size of ϳ1.0 to 1.50 mm. Deformation bands in olivine and subgrain formation at grain edges are common. The lherzolite is cut by a ϳ3 mm wide vein of brownpleochroic amphibole (Fig. 3) . Apatite grains occur adjacent to the vein and within the lherzolite matrix at several millimetres from the amphibole vein. A thin "microveinlet" with complex mineralogy and textures is in contact with the amphibole vein and is described in more detail below. The principal vein locally has sharp contacts with the host spinel lherzolite. The brown amphibole grains have irregular shapes and are ≤1 mm in maximum dimension but typically much finer grained (Fig. 3) .
Apatite is typically associated with vein amphibole and occurs as elongate anhedral crystals (Fig. 4A ). Anhedral crystals of spinel (high Al) are found in contact with amphibole (lower Al) (Fig. 4B) . Apatite ( Fig. 4C ) (high Ca) and granular iron oxides (Fig. 4D ) (highFe) are also in contact with amphibole. Amphibole (Fig. 4E ) (high K) occurs with inclusions of orthopyroxene ( Fig. 4F ) (low Ti).
Mineral compositions

Major and minor elements
Major and minor element concentrations in mantle phases were analyzed using a JEOL 8200 electron probe microanalyzer at the Department of Geoscience, University of Calgary. Operating conditions for the electron microprobe were accelerating voltage 15 kV, beam current 100 nA, and beam diameter about 5 m (cf. Greenfield et al. 2013) . We report representative compositions of pairs of orthopyroxene and clinopyroxene grains used in geothermometry (Table 2) , major and minor element compositions of olivine (Table 3) and spinel (Table 4) , and major and trace element compositions of amphibole (Tables 5 and 6 ; Fig. 5 ) and apatite (Table 7) . The number of atoms per formula unit for all minerals except apatite have been calculated in the program AX written by Tim Holland (available on his software page, also see Holland and Powell 1998) .
Compositions of orthopyroxene, clinopyroxene, and olivine crystals away from the vein are similar to those from other suites of mantle xenoliths reported from the Canadian Cordillera (e.g., Greenfield et al. 2013;  contents of spinel in the matrix are high, ranging from 9.5 to 10.4 wt.%.
We have classified the vein amphibole compositions by calculating apfu of Al + Fe 3+ + 2Ti versus Na + K + 2Ca on a diagram A = (Na + K +2 Ca) and C = (Al + Fe 3+ +2Ti) following the recommendation of Hawthorne et al. (2012) (Fig. 5A) . All of the new amphibole analyses plot in the pargasite field, which is the most common amphibole found in upper mantle peridotitic xenoliths (Dawson and Smith 1982) . To facilitate comparison of the compositions of our vein amphibole ( (Hawthorne et al. 2012; Holland and Powell 1998) . The same recalculated formulas with activities of the components were used in the phase equilibria described Note: Olivine #7 and #11 are from the xenolith matrix away from vein; olivine core, trav., and rim are olivine near the vein and an analytical traverse from core to rim. *Mol % Fo is the molecular percentage of the forsterite endmember calculated as Mg cations/(Mg cations + Fe cations).
below. We have compiled amphibole compositions from four other mantle peridotite occurrences (Frey and Green 1974; Francis 1976; Dawson and Smith 1982) including three from western North America. We also plotted compositions of amphiboles produced in high-temperature-pressure experiments simulating metasomatism of lherzolite (Sen and Dunn 1995) and edenitic amphiboles found within peridotitic xenoliths within andesite from Avacha volcano, Kamchatka (Bénard and Ionov 2013) .
As expected, based on the review of Dawson and Smith (1982) , our amphiboles are pargasite as are all other mantle-peridotitehosted amphiboles (Fig. 5A) . The sole exception is the amphibole recovered from mantle xenoliths hosted in andesite (Bénard and Ionov 2013) . Earlier work of Wilshire et al. (1980) showed that the most common amphibole found in pyroxene-bearing veins within Cr-diopside xenoliths was kaersutite. Wilshire et al. (1980) noted that the amphibole compositions varied between kaersutite within veins to more pargasitic compositions in the matrix of the host peridotite. Recalculation of Wilshire's average analyses yields (Al + Fe 3+ + 2Ti) = 1.318 and A (Na + K + 2Ca) = 0.746 in vein amphiboles and (Al + Fe 3+ + 2Ti) = 1.297 and A (Na + K + 2Ca) = 0.581 in matrix amphiboles. These also plot in the pargasite field. Note: Ferric iron after Holland and Blundy (1994) . Mixing on sites from Holland and Powell (1998) .
Apatite crystals occur associated with the pargasite vein and less commonly within the peridotite matrix. Crystals are irregular to blocky shapes with sizes ranging from about 20 to 40 m. Electron microprobe analyses were recalculated using the normalization routine in an apatite stoichiometry program (Ketcham 2015) . The recalculated formulas indicate that the apatites are rich in F and Cl with little or no OH - (Table 7) .
Trace element analyses and interpretation for vein amphibole
Trace element compositions of amphiboles were measured at the University of Calgary, Center for Pure and Applied Tectonics and Thermochronology (CPATT), using a laser ablation inductively coupled plasma mass spectrometer (LA-ICP-MS) (Table 6 ). Isotope signal intensities were measured using an Agilent 7700 quadrupole ICP-MS coupled to a Resonetics RESOchron 193 nm excimer laser ablation system. Ablation was conducted in a Laurin Technic M-50 dual volume ablation cell. Laser settings, dwell times for individual masses, gas flow rates, and mass spectrometer settings can be found in the supplementary information; 1 more information about the laser ablation system used can be found in Müller et al. (2009) . The well-characterized NIST610 glass was used as a calibration reference material (Pearce et al. 1997; Jochum et al. 2011) . A sample-standard bracketing approach was used with one measurement of the calibration reference between each two unknowns. Data was reduced using the commercially available Iolite software (V2.5) package (Paton et al. 2010) using the TraceElements data reduction scheme.
We have compared the chondrite-normalized (Boynton 1984 ) rare earth element compositions of Craven Lake amphibole (Table 6 ) to other "local" mantle geochemical reservoirs, including peridotite mantle from the North American cratonic mantle and the Cordilleran mantle and Quaternary alkali olivine basalt and nephelinite from the Canadian Cordillera (Figs. 5B and 5C). Our amphiboles are enriched relative to both types of depleted peridotites, showing light rare earth element patterns that are in between asthenospheric (alkali olivine basalt) and lithosphere (nephelinite) melts; middle rare earth element and heavy rare earth element values are more similar to nephelinite magmas than alkali olivine basalts.
The Craven Lake mantle amphiboles are also compared to Group 1 and 2 mantle-hosted amphiboles after Bénard and Ionov (2013) (Fig. 5C ). Group 1 are thought to derive from mantle-derived melts-fluids forming by interactions below the Moho. Group 2 are interpreted to result from interactions with host andesites above the Moho (i.e., amphibole in Avancha peridotite xenoliths from a andesite host). The Craven Lake occurrence has higher light rare earth element abundances that do not match either data set (i.e., Group 1 or 2).
Geothermometry results
Temperatures for the spinel lherzolite were estimated using the Brey and Kő hler (BK) (1990) orthopyroxene-clinopyroxene geothermometer. The coexisting pyroxenes were analyzed where they were in contact. The BK geothermometer has a slight pressure dependence (ϳ2°C·kbar −1 ) and to account for this, we assume the mantle xenolith record temperatures along the mantle geotherm following the work of Kukkonen and Peltonen (1999) , Harder and Russell (2006) and Greenfield et al. (2013) . We achieve a pressure-dependent estimate of mantle temperature by solving the BK equation simultaneously with the expected steady-state temperature distribution in the mantle lithosphere described by
where K is the thermal conductivity of the mantle lithosphere and T M and z M are the temperature and depth of the Moho, respectively (e.g., Greenfield et al. 2013 ). The mantle temperature-depth array also depends on the properties of the overlying crustal layer including surface heat flow (q 0 ) and crustal heat production (A 0 ). Lithoprobe seismic reflection surveys over northern British Columbia have shown the Moho to be located at depths of ϳ36 ± 2 km (Hammer et al. 2000; Hammer and Clowes 2004; Clowes et al. 2011 ). Here we adopt a model MOHO depth (Z M ) of 36 km. We also assume a Moho temperature of 825 ± 25°C based on the work of Harder and Russell (2006) and Greenfield et al. (2013) and, recently, adopted by Hyndman (2017; 800-850°C; see references therein). Estimates for surface heat flow (q 0 ; 47 and 55 mW·m −2 ) and crustal heat production (A 0 ; 1.75 W·m −3 ) for this portion of the Cordillera are taken from Lewis et al. (1992 ) (cf. Hyndman 2010 . The BK equation has two unknowns, including the temperature and the pressure of equilibration, and the equation for the mantle geotherm is dependent only on depth (i.e., z). We can rewrite the variable z in eq. 1 in terms of pressure and solve the BK equation and eq. 1 simultaneously for temperature and pressure (Table 8 ; Fig. 6 ) (after Greenfield et al. 2013) . The model P-T values have the attribute of being consistent with the compositions of coexisting pyroxenes and lying on the local model geotherm (Fig. 6) .
Temperatures and pressures were calculated with this strategy for the host spinel lherzolite (i.e., matrix) and for pyroxene pairs within or adjacent to the amphibole-bearing vein (Table 8) . Six pairs of pyroxenes from the host peridotite record a mean temperature of 1012 ± 21°C whilst four pairs adjacent to the vein amphibole are slightly higher 1032 ± 20°C but are within the uncertainties of the method (Fig. 6 ).
Constraints on volatile components
One of the most significant aspects of finding volatile-bearing minerals from the lithospheric mantle is that the minerals can provide constraints on the activities of components in the fluid 1 Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjes-2018-0239. 
Constraints from pargasite
We have investigated the stability of Ca-amphibole using similar principles but different equilibria from those used by Lamb and Popp (2009) . Our chosen equilibria involve the activities of pargasite and a mantle mineral assemblage (clinopyroxene, orthopyroxene, and olivine). We have estimated the activity of SiO 2 in the absence of a SiO 2 polymorph (i.e., quartz) using the equilibrium
The calculations made use of the THERMOCALC program in Holland and Powell (1998) . The P-T-a H2O values used in the calculations below and in Fig. 7 are based on the geotherm-constrained temperatures calculated from the orthopyroxene-clinopyroxene geothermometer (T ϳ900-1100 at P ϳ15 kbar (1 kbar = 0.1 GPa)) ( Fig. 6 ; Table 8 ). At 1000°C and 15 kbar, the activities of forsterite and enstatite are 0.55 and 0.68, respectively. The implied equilibrium value for a SiO2 from eq. 2 is ϳ0.5.
To compute the stability of pargasite under mantle P-T-fluid conditions, we estimated the relevant activities of components in the mantle mineral solid solutions using the program AX in HERMOCALC 2007 (Holland and Powell 1998) for a range of mantle conditions (i.e.,T-P). The activity values that we adopted include pargasite (0.21), forsterite (0.55), enstatite (0.68), diopside (0.60), Mg-Tschermak (0.07), jadeite (0.10), and SiO 2 (0.5).
We consider two equilibria (Fig. 7A ) that use mantle mineralogy to constrain the a H2O . The equilibrium (Table 5 ) plotted as apfu of (Al + Fe 3+ + 2Ti) versus ( A Na + K + 2Ca) on a classification diagram (Hawthorne et al. 2012) . Vein amphibole in the Carven lake peridotite sample is pargasitic as are amphiboles reported from other mantle peridotites: DS (Dawson and Smith 1982) , BS , and FG (Frey and Green 1974) . Also shown are amphiboles produced in high-temperature-pressure experiments simulating metasomatism of lherzolite: ST (Sen and Dunn 1995) and edenitic amphiboles within peridotitic xenoliths from Avacha volcano, Kamchatka (BI): (Bénard and Ionov 2013) . (B) Rare earth element (REE) compositions of Craven Lake amphibole (Table 6 ) normalized to chondrite abundances (Boynton 1984 ) and compared to REE data for peridotite North American and Cordilleran mantle and alkaline basalts and nephelenites from the Canadian Cordillera. (C) The same data compared to Group 1 and 2 mantle-hosted amphiboles after Bénard and Ionov (2013) .
yields very similar results (Fig. 7A ) (a H2O = 0.05-0.15 from 875 to 1040°C). If the fluid phase was poor in H 2 O, the most likely additional component in the mantle would be CO 2 . This was suggested by Lamb and Popp (2009) but they did not calculate the stability of their Ca-amphibole at elevated X CO2 , where we have to consider the stability of Ca-Mg carbonates. To do this calculation, we used the program TWEEQU (e.g, Berman 1991) with a mole fraction of CO 2 in the fluid of 0.9. The calculations outlined below show that for these P-T conditions, carbonate minerals would not be stable even with a fluid dominated by CO 2 .
Using the same minerals as in equilibria 3 and 4 without the amphibole components, we can examine the reaction (5) Diopside ϩ CO 2 ϭ Dolomite ϩ 2SiO 2
At 1000°C and 15 kbar, respectively, the equilibrium value of a SiO2 in eq. 4 is ≈0.5 and the activity of CaMg(CO 3 ) 2 is 1.0. These values can be substituted into eq. 5 with the activity of diopside = 0.60 and the activity of CO 2 = 0.9 to show the stability of these phases at the conditions of vein emplacement (Fig. 7B) . These calculations and the absence of dolomite in these samples strongly suggest that pargasite and the associated peridotite minerals would be the stable phases at high values of a CO2 and low values of a H2O .
Constraints from apatite
Apatite is present in the vein and in the matrix of the host lherzolite. O'Reilly and Griffin (2000) showed that the OH-F-Cl ratios in mantle apatite could be used to distinguish between different types of metasomatic fluids. They used textural arguments to suggest that higher F/Cl is consistent with a magmatic fluid. Although the textural features of an igneous origin, very coarse grain size (centimetre-sized crystals) and associated silicate minerals with igneous textures, were not observed in Craven Lake apatite, the dominance of F in the apatite from this sample is interpreted as evidence for a magmatic fluid phase. The small negative values for recalculated OH -in the apatite (Table 7) are also consistent with the constraints from the composition and stability of the vein pargasite that demand a fluid with very low a H2O .
Mineralogy and textures of the "veinlet"
A subordinate veinlet (ϳ1 mm thick) extending from the amphibole vein described above was detected by a K-element X-ray map (Fig. 8) . The veinlet does not consist of a single mineral but has a peridotitic mineralogy and complex textures suggesting a reaction relationship between minerals and a fluid phase (Fig. 9) . For example, an embayment in one spinel grain is rimmed by an aggregate of fine-grained spinel crystals (Fig. 9A) . The larger spinel crystal is compositionally similar to spinel crystals in the vein (Table 4 , analyses 7-16), but the smaller spinels defining the rim are very rich in Cr (Table 4 , analyses 17 and 18). Other minerals in the veinlet including clinopyroxene, olivine (high Mg), orthopyroxene (lower Mg large crystal), and pargasite have compositions similar to that found in the host peridotite (Table 9) .
Olivine in reaction zones is variable in composition (Fig. 9A ) and ranges from smaller crystals of Fo 88 to larger crystals with core to (2015) and a normalization based on an ideal structural formula of X 10 Y 6 Z 2 . Table 8 . Pressure−temperature estimates for peridotite from two-pyroxene geothermometry (Brey and Köhler 1990) constrained by model geotherm (see Fig. 6 ).
Pair
T ( (Fig. 9B) . The phase locally is in contact with pargasite, suggesting a possible reaction. This phase is rich in Al and Si and contains significant K but has low Mg and Fe concentrations (Table 9 ). It is also notable for significant P 2 O 5 , which is not observed in other minerals. We cannot correlate this phase chemistry with any recognizable mineral stoichiometry. Although Martin (2007) described possible silicate melts that crystallized as a single mineral, this does not seem to be a likely possibility. We suggest that this is a glass from quenched melt that records either minor melting associated with the emplacement of the main vein or reaction between the vein fluid and the host lherzolite (Fig. 9) .
Discussion
Within the northern North American Cordillera, only three occurrences of lithospheric mantle xenoliths have been previously reported to contain evidence for chemical modification or refertilization of the mantle lithosphere by H 2 O-bearing fluids. Francis (1976) reported abundant interstitial amphibole in peridotite xenoliths from Quaternary volcanoes on Nunivak Island. This volcanism is part of the Bering Sea volcanic province and the xenoliths are samples of the mantle from the distal backarc setting of the Aleutian subduction zone. described interstitial amphibole in spinel lherzolite xenoliths from Lightening Peak (Fig. 1 ) situated in southeastern British Columbia, which also represents a distal backarc environment behind the Cascade arc. Canil and Scarfe (1989) reported interstitial phlogopite in dunites, lherzolites, and wehrlites at Kostal Lake (Fig. 1) within the Wells-Grey volcanic field in southeastern British Columbia. Canil and Scarfe (1989) observed that three is a strikingly low number considering the large number of known xenolith localities in British Columbia and the Yukon Territory (Fig. 1 ) (Edwards and Russell 2000) . (Brey and Köhler 1990) ; pairs of pyroxenes were analyzed within the host peridotite (black symbols) and within or adjacent to the amphibole vein (grey symbols). Dashed line indicates the average of each group. (B) Temperatures were calculated for pressures dictated by the P-T array of the model geotherm for the Cordillera (inset; after Greenfield et al. 2013) . Geothermobarometry suggests that the sample derives from depths of 49-54 km (Table 6) . 
The Craven Lake occurrence is unique because the amphibole vein is in thermal but not textural equilibrium with the host mantle peridotite. The vein and vein minerals do not record the same deformation fabric (i.e., foliation) as the host lherzolite minerals, suggesting that the vein postdates the last lithospheric deformation event. The thermometry and geotherm model implies a source depth of 52 ± 2 km and a mantle temperature of ϳ1010-1030°C. The presence of the vein indicates that an external fluid/ melt created and filled a "fracture" at mantle depths.
Information from volatile-bearing minerals in the lithospheric mantle is critical for three reasons with respect to studies of the northern North American Cordillera lithosphere. Firstly, the minerals provide constraints on the impact of different tectonic processes on lithospheric formation. Secondly, the rheology of the mantle lithosphere can change significantly by the introduction of water (e.g., Dixon et al. 2004) . Finally, the presence of volatilerich phases can make the lithospheric mantle more susceptible to melting triggered by extensional stresses or increased asthenospheric heat flow (e.g., Francis and Ludden 1990; Shi et al. 1998 ).
Timing of tectonic refertilization of the northern Cordilleran mantle lithosphere
The Canadian Cordillera has a complex history of terrane accretion and magmatism associated with subduction and with subsequent extension/transtension (cf. Polat et al. 2018 for a recent summary). Both of these processes could be accompanied by infiltration of fluids with distinct geochemical signatures into the mantle lithosphere. Given the broad span of time represented by the basement Stikine terrane (i.e., Late Paleozoic to Mid-Mesozoic) and the inferred Quaternary age of the Craven Lake volcanic deposits, the vein formation is likely tied to one of four petrotectonic events: (i) Triassic-Jurassic oceanic arc magmatism (e.g., Monger and Price 2002; Riddell 2011 ; many others), (ii) Late JurassicEarly Cretaceous accretion and plutonism (e.g., Gibson et al. 2008; Riddell 2011) , (iii) postaccretion subduction that lasted until the Eocene (e.g., Thorkelson and Taylor 1989; Haeussler et al. 2003) , or (iv) Neogene to Recent transtension and alkaline magmatism (e.g., Edwards and Russell 2000; and many others).
Our work provides two critical observations that make the fourth event seem the most likely. Firstly, the pargasite vein is undeformed but clearly cuts the deformed matrix of the spinel lherzolite. The vein is cut off by the basanite host. The most obvious deformation event to have affected the Stikinia lithospheric mantle is Mesozoic accretion, so the vein probably postdates the first two petrotectonic events. Secondly, the mineral chemistry shows that the pargasite vein does not require the presence of an H 2 O-dominated subduction zone fluid. Taken in conjunction with the presence of hydroxl-poor apatite, our analysis suggests that the vein is more likely to have formed in an environment having a greater affinity to the presence of alkaline silicate melts. This is consistent with the presence of mafic, transtensional NCVP magmatism spanning the Quaternary throughout the northern Stikine terrane and northwestern British Columbia. Manthei et al (2010) has given evidence for a broad-scale change in mantle geochemistry beneath the Coast Belt, immediately to the southwestern of Craven Lake, at about 10 Ma. If the pargasite vein is a record of this large-scale chemical change, its preservation shows that whatever the modification event (e.g., asthenospheric upwelling from a slab window or delamination from that or other causes), it did not totally remove the preexisting mantle lithosphere beneath Craven Lake.
"Weakening" of the Cordilleran Mantle lithosphere
Many recent studies have shown that lithospheric "hydration events" can change the rheology of anhydrous mantle minerals (e.g., olivine), which can lead to significant changes in the mechanical properties of the lithosphere and even "delamination events", where part of the mantle lithosphere detaches and founders downwards (Bao et al. 2014) . While the vein formation is most likely associated with the Neogene to Recent magmatism of the NCVP, it is possible that it records events that facilitated delamination of older, subduction modified mantle lithosphere (e.g., Bao et al. 2014) . Our work confirms that the vein-producing fluid was likely dominated by CO 2 -F and not H 2 O. However, our estimates for a H2O of ϳ0.10-0.15 are sufficient to infuse mantle olivine with up to at least 50 ppm H 2 O based on experimental studies (Padron-Navarta and Hermann 2017; Lamb and Popp 2009) , which would have a significant impact for lowering the effective viscosity of the mantle lithosphere (Dixon et al. 2004) . The presence of the pargasite vein and its cross-cutting relationship to the peridotite fabric might, both chemically (viscosity reduction) and physically (fabric discontinuities), weaken the mantle lithosphere and facilitate processes like delamination due to tectonic stress changes or to loading changes associated with repeated Quaternary ice loading and unloading. This in turn can produce substantial changes in the thickness of the lithosphere that drive isostatic uplift, changes in regional surface topography, and subsequent erosion and sediment transport (e.g., Hyndman and Lewis 1999; Bao et al. 2014) .
Constraints on lithospheric melting in the northern Cordilleran
Several models have been presented to explain the diversity of primary magma compositions erupted in the Canadian Cordillera: (i) Nicholls et al. (1982) favoured derivation from the underlying "low velocity zone" (e.g., asthenospheric mantle), (ii) Francis and Ludden (1995) and Shi et al. (1998) favoured partial melting of the refertilized mantle lithosphere, and (iii) Russell (1999, 2000) suggested partial melting at the base of the mantle lithosphere or upper asthenosphere. In particular, nephelinite within the British Columbia Cordillera has been ascribed to melting an amphibole-veined lithospheric mantle (e.g., Francis and Ludden 1995; Francis et al. 2010; Abraham et al. 2001 Abraham et al. , 2005 Polat et al. 2018) .
Our model eq. 1 geotherm for the northern Cordillera and the P-T estimate for the pargasite-bearing xenolith narrowly constrain the potential source regions for xenoliths and lavas (Fig. 10) . The host spinel lherzolite derives from the mantle lithosphere within the spinel stability field. The range of depth estimates (60-75 km) (Hammer and Clowes 2004) for the base of the seismically defined Lithosphere-Asthenospher Boundary (LAB) places the temperature of the LAB between 1100 and 1250°C. If the base of the mantle lithosphere is taken to be 70 km, this corresponds to a temperature of 1200°C, which is reasonable for hydrous liquidus temperatures for NCVP primary magmas (Edwards and Russell 2000) . The source of the pargasite xenolith is within the pargasite stability field and approximately 50°below the dehydration breakdown curve. The xenolith is sourced from well below the anhydrous melting curve of peridotite but at temperatures above the H 2 O-saturated peridotite melting curve. Hydrous lithosphere is likely more susceptible to melting events that can produce small volume eruptions like nephelinites. Clearly, even if the mantle lithosphere is hydrated, it must be strongly H 2 Oundersaturated or the pargasite would have melted.
Given the model geotherm, pargasite is stable throughout the mantle lithosphere and into the LAB, supporting the Francis and Ludden (1995) model. However, the temperatures associated with basanite and nephelinite production are above the pargasite dehydration boundary. Thus, in this specific case (Craven Lake), production of the basanite magma by partial melting of an amphibole-bearing peridotitic source within the lithosphere is limited to the base of the lithosphere (ϳ62-70 km) where the geotherm, basanite field, and pargasite dehydration fields intersect. This is also consistent with the fact that the basanite must source from depths greater than 52 ± 2 km to sample the pargasite-bearing xenolith. In the specific case of Craven Lake, a very narrow window exists for the formation of the host basanite magma by partial melting of the mantle lithosphere coinciding with the base of the mantle lithosphere (ϳ62-70 km).
A second scenario allows for melting of the uppermost asthenosphere to produce the Craven Lake basanitic magma. The model geotherm and mantle adiabat imply temperatures at the base of the lithosphere and in the uppermost asthenosphere high enough to intersect the basanite melting field. The shallowest melting of the asthenosphere (>70 km) would be within the spinel stability field; melting at depths >70 km would be in the garnet stability field. Previous workers (e.g., Ludden 1990, 1995; Shi et al. 1998; Abraham et al. 2001) have argued that the trace element compositions of some NCVP lavas suggest melting of a garnet-bearing asthenospheric source. Their model for the origins of these magmas also requires amphibole in the source region (Francis and Ludden 1995) , which is difficult to reconcile because at mantle depths >70 km, the temperatures are above the pargasite stability field.
We suggest that basanite and nephelenite magmas in the NCVP are produced by melting over a restricted depth at the base of the mantle lithosphere and the uppermost asthenosphere. This could explain some of the chemical diversity observed in NCVP lavas (Edwards and Russell 2000) in that more alkaline melts (i.e., nephelinites and basanites) may source from the mantle lithosphere, whereas alkali olivine basalts may have an asthenospheric source, as is traditionally proposed (e.g., Nicholls et al. 1982) .
Conclusions
While mantle-derived peridotite xenoliths are relatively common globally in mafic alkaline volcanic deposits, it is much less common for those xenoliths to host volatile-rich phases as crosscutting veins. This work documents the first known occurrence of such a vein from the northern part of the North American Cordillera, at Craven Lake British Columbia, and shows that the vein predominantly comprises pargasite amphibole and associated apatite, orthopyroxene, clinopyroxene, and spinel. A comparison to global occurrences of similar peridotite-hosted amphibole shows that pargasite, as opposed to kaersutite, is the most common type of amphibole in mantle peridotites. The presence of the coexisting phases in the Craven Lake vein constrains the chemical and physical conditions under which the vein presumably formed to be from a CO 2 /F-dominated silicate melt emplaced at depths of Fig. 10 . Schematic cross section of the lithosphere underlying Craven Lake in the British Columbia Cordillera summarizing results of this study and the petrological and geophysical implications as a function of depth. The steady-state model geotherm for the crust and mantle lithosphere implies a MOHO temperature of ϳ850°C and a source depth for the amphibole vein of ϳ52 ± 2 km. The P-T conditions are within the pargasite stability field (dotted pattern). The intersection of the geotherm at depth with the liquidus conditions for olivine nephelenite and basanite magmas suggests a lithosphere-asthenosphere boundary (LAB) at ϳ62 km within the spinel (versus garnet) stability field. The intersection of the model geotherm and the dehydration curve for pargasite (heavy black line) indicates that pargasite is not stable below the LAB. 50 ± 2 km and temperatures of ϳ1050°C. Based on previous studies, these conditions place the xenolith and vein within the relatively thin lithosphere of the Canadian Cordillera. Given that the vein cross-cuts a subtle deformation fabric in the host spinel lherzolite, whatever process formed the vein applied sufficient stress to fracture the lherzolite. A cryptic veinlet offshoot from the main vein highlights how grain boundary-controlled fluid migration produces different reaction textures that are indicative of reactive infiltration that likely produces more frequently documented interstitial pargasite at other xenolith localities.
While not overinterpreting the importance of one such xenolith, we tentatively conclude that the presence of even one pargasite-veined peridotite from the British Columbia lithospheric mantle has important implications for Cordilleran lithospheric processes and the generation of Neogene to Recent alkaline magmatism. Given the estimated stability limits of pargasite and the presence of F-rich apatite, the vein-forming phase was a CO 2 -rich, H 2 O-poor, relatively F-rich silicate fluid with trace element characteristics very similar to those exhibited by Quaternary mafic alkaline magmas (nephelinites and alkali olivine basalts) within the NCVP. Even though we have no direct constraints on the timing of vein formation, its chemical signature is most consistent with generation from small-degree partial melts from extensional lithospheric stresses as opposed to metasomatism associated with the subduction and accretion processes active during the Mesozoic to Eocene Cordilleran orogenies. The vein might be associated with Neogene to Recent, lithosphere-derived nephelinitic magmatism, either as an intrusive remnant or as source material. It is also possible that the introduction of volatile-rich silicate fluids like those responsible for the formation of the vein could facilitate recent lithospheric delamination within the northern Cordillera by forming fabric cross-cutting physical discontinuities or by reducing the viscosity of dominant mantle phases (i.e., olivine) by the addition of H 2 O.
